Background: Central nervous system vasculitis (CNSV) is a rare disorder, the pathophysiology of which is not fully understood. It involves a combination of inflammation and thrombosis. CNSV is most commonly associated with headache, gradual changes in mental status, and focal neurological symptoms. Diagnosis requires the effective use of history, laboratory testing, imaging, and biopsy. Catheter angiography can be a powerful tool in the diagnosis when common and low-frequency angiographic manifestations of CNSV are considered. We review these manifestations and their place in the diagnostic algorithm of CNSV. Summary: We reviewed the PubMed database for case series of CNSV that included 5 or more patients. Demographic and angiographic findings were collected. Angiographic findings were dichotomized between common and low-frequency findings. A system for incorporating these findings into clinical decision-making is proposed. Key Message: CNSV is a diagnostic challenge due to the absence of a true gold standard test. In the absence of such a test, catheter angiography remains a central piece of the diagnostic puzzle when appropriately employed and interpreted.
Introduction
Inflammatory disorders of the vascular system were first described in the mid-1800s when Kussmaul and Maier [1] coined the term 'periarteritis nodosa' to describe a disease with severe leg cramping and widespread vascular inflammation at autopsy. Within two Unknown ICH = Intracranial hemorrhage; MI = myocardial infarction; GN = glomerulonephritis; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; diffl. = differential. [5] and termed noninfectious granulomatous angiitis involving the CNS (GACNS). Cravioto and Feigin [6] argued that GACNS was a distinct form of vasculitis with a predilection for the CNS and not a variant of PAN or some other forms of vasculitis. The synonyms for GACNS are numerous ( table 2 ) , with conventional usage changing over time. The term 'primary angiitis of the CNS' is now commonly used as is 'primary CNS vasculitis' (PCNSV) [7, 8] . We will utilize the latter term in this article. The following diagnostic criteria for PCNSV were proposed by Calabrese and Mallek [7] in 1988, and have been widely relied upon since that time: (1) a history or clinical findings of an acquired neurologic deficit, which remained unexplained after a thorough initial basic evaluation; (2) these patients demonstrated either classic angiographic or histopathologic features of angiitis within the CNS, and (3) there was no evidence of systemic vasculitis or of any other condition to which the angiographic or pathologic features could be secondary.
From the first descriptions in the 1950s through the 1970s, most cases of PCNSV were diagnosed postmortem at autopsy and the disease was believed to be generally fatal [7] . However, in 1983, Cupps et al. [9] described several therapeutic successes that relied on steroid and immunosuppressive regimens. In 1988, Call and Flemming [10] , under the supervision of C. Miller Fisher, described a reversible vasoconstriction syndrome (RCVS) that had previously been seen as a variant of PCNSV but is in fact a distinct clinical entity with a more 'benign' clinical course that does not require immunosuppressive treatment. RCVS is now thought to be inclusive of a number of disorders: Call-Fleming syndrome; benign angiopathy of the CNS; postpartum angiopathy; thunderclap headache with reversible vasospasm; migrainous vasospasm or migrainous angiitis, and drug-induced cerebral arteritis or angiopathy [11] ( table 3 ) . Noninfectious granulomatous angiitis with predilection for the nervous system Hughes [55] , 1966 Granulomatous giant cell angiitis of the CNS Kolodny [56] , 1968 Granulomatous angiitis of the CNS Snyder [57], 1978 Isolated benign cerebral vasculitis Valvanis [58] , 1979 Cerebral granulomatous angiitis Cupps [9] , 1983 Isolated angiitis of the CNS Calabrese [7] , 1988
Primary angiitis of the CNS Salvarani [8] , 2007 Primary CNS vasculitis The role of angiography in the diagnosis of PCNSV emerged in the mid-1960s as catheter angiography (CA), which became widely available at academic institutions [12] ( fig. 1 ). It was soon recognized that inflammatory conditions of the CNS were associated with recurring but nonspecific patterns of angiographic abnormalities [13] . CA, along with clinical features, laboratory testing, and noninvasive imaging became increasingly relied upon to diagnose patients [14] . This trend has slowed as investigators increasingly pointed out the importance of tissue diagnosis through a brain/leptomeningeal biopsy (LMBx) prior to initiating immunosuppressive therapy [15] .
Understanding the role of CA in the diagnosis of PCNSV has been hampered by the lack of a standardized approach to its use. Investigators have focused on only a few of the multitude of angiographic changes described in this condition. In this study, we selected case series of 5 or more subjects who underwent both CA and tissue diagnosis. We identified the angiographic features described as consistent with PCNSV and proposed that when all features were considered, CA served as a sensitive, if not specific screening test for PCNSV. The clinical, imaging, and laboratory context in which the results of the CA are placed increases its specificity, and determines whether additional tissue diagnosis is needed along with visualization of a more precise location for tissue acquisition.
Methods
A search of the PubMed database was performed for all cases of CNS vasculitis (CNSV) published in the English literature between 1922 and December 2014. Search terms included: vasculitis, vasculopathy, arteritis, central nervous system, brain, CNS, cerebral, arteriography, angiography, biopsy, digital subtraction, conventional, catheter, DSA, leptomeningeal, brain, and meningeal. Case series and cohort studies with ≥ 5 subjects were included. Additional case series and cohorts were identified through a review of article references of each study. Two independent investigators reviewed and selected articles according to the predefined selection criteria.
Each cases series or cohort study meeting the above criteria was reviewed and the following data points were collected: gender, age range, number of patients included, number of patients undergoing CA, number of patients undergoing LMBx, number of patients with CA consistent with vasculitis, number of patients with LMBx consistent with vasculitis, number of patients with CA consistent with vasculitis and nondiagnostic biopsy, number of patients with nondiagnostic CA and LMBx diagnostic of vasculitis. Additionally, a comprehensive list of angiographic descriptors consistent with vasculitis was generated, and the use of each descriptor in individual studies was quantified. 
Results
A total of 25 articles meeting the search criteria were identified in which 558 unique subjects were reported ( table 4 ) [7, 8, . Fifteen of these studies included only adults (mean age 44.9 years), 5 included both adults and children, and 2 included only children (mean age 7.6 years). Three articles did not specify the age groups included. In the articles specifying gender (22/25), 54% were female.
Angiograms were performed in 408 subjects (73%) of which 324 were abnormal (79.4%). Fifteen angiographic descriptors of vasculitic changes were reported in the articles reviewed. The frequency of use of each angiographic descriptor is shown in figure 2 . Arterial occlusion was the most frequently utilized descriptor (20/24 articles) followed by segmental stenosis (16/24) and beading (11/24) .
Biopsies were performed in 17 of the identified case series and in 241 subjects; 135 subjects had biopsy results consistent with vasculitis (56%).
Discussion

Epidemiology
The overall annual incidence of systemic vasculitides (excluding giant cell arteritis) is 39 per 1,000,000 persons [36] . The incidence of systemic vasculitis involving the CNS is unclear ( table 1 ).
The incidence of PCNSV in Olmsted County, Minn., USA, was estimated to be 2.4 per 1,000,000 person-years. Men and women are affected equally. The median age of the affected patients is 50 years and it most commonly occurs between the 4th and 6th decades of life [8] . However, there are also numerous case reports of PCNS occurring in children [30] . Calabrese [7] 
Pathophysiology
The pathophysiological triggers and mechanisms of vasculitis affecting the nervous system are likely different for each subtype with a final common pathway of vascular inflammation. A review of the mechanisms thought to underlie the systemic vasculitides is beyond the scope of this article [37] .
The immunologic trigger(s) of PCNSV has/have not been definitively identified. However, numerous infectious etiologies including viral (especially varicella zoster virus) and mycobacterial organisms have been implicated [38] [39] [40] . In some patients, the inflammatory response may be related to the deposition of amyloid in the vessel wall [41] . Leukocytes, in particular memory T cells, concentrated in the vessel wall of PCNSV samples may indicate the presence of a cross-reacting antigenic trigger [42] . Metalloproteinase 9 seems to play an important role in vessel wall damage in animal models of vasculitis [43] . 
Clinical Presentation
The presentations of vasculitis involving the CNS have been described as 'protean' [16] . This diversity of manifestations has made clinical diagnosis and scientific investigation challenging. The three most common neurological symptoms of PCNSV in order of frequency are subacute headache , altered cognition , and focal neurological deficits [8] . Systemic manifestations, more characteristic of secondary CNSV, are numerous with organ tropism depending on the subtype in question ( table 1 ) .
Diagnostic Algorithm
Magnetic resonance imaging (MRI) is recommended once a progressive or sudden CNS syndrome is suspected. MRI is highly sensitive to detect vasculitis involving the CNS, especially when combined with a suggestive CSF analysis [19] . The typical pattern includes multiple, bilateral, gray and white matter T2 hyperintense lesions. Inclusion of diffusion-weighted sequences will allow new and old lesions to be distinguished. Other findings include parenchymal and/or leptomeningeal enhancement [44] and intracranial hemorrhage [45] . The probability of diagnosing vasculitis involving the CNS after normal MRI is extremely low ( fig. 3 ; table 5 ).
Once clinical suspicion of CNSV has been raised on clinical and imaging grounds, a detailed laboratory evaluation is essential to rule out underlying systemic inflammation including infections or rheumatic conditions. Serum markers of inflammation and antibodies associated with underlying systemic inflammatory disorders are performed ( table 6 ). Signs of systemic inflammation are generally absent in PCNSV [30] .
Cerebrospinal fluid is abnormal in 80-90% of patients with PCNSV. The typical profile is mild lymphocytic pleocytosis and elevated protein level (>45 mg/dl) [8] . CSF analysis is useful to exclude infection and malignancy as a cause of neurologic deficits.
Noninvasive vascular imaging through CT angiography or magnetic resonance angiography is often utilized in the evaluation of CNSV. The resolution of these modalities limits their utility in assessing the small intracranial vessels distal to the first segments. Magnetic resonance angiography and CT angiography are less invasive than CA but not sensitive in cases of lesions associated with the posterior circulation.
Vessel wall imaging is an emerging MR-based modality and holds great promise for increasing the specificity of MRI in the diagnosis of CNSV. The technique involves high-resolution, gadolinium-enhanced, T1-weighted images of the medium and small intracranial vessels. It has successfully identified vessel wall enhancement and thickening in patients with PCNSV [29] . However, the availability of high-resolution MRI and expertise in vessel wall imaging remains limited. [46] . The role of angiography in the diagnosis of PCNSV emerged in the mid-1960s as CA became widely available at academic institutions [12] . It was soon recognized that inflammatory conditions of the CNS were associated with patterns of angiographic abnormalities that were consistent if nonspecific. The cause of angiographic abnormalities may include: spasm, edema, cellular infiltration, proliferation of the vessel wall, compression of surrounding thickened meninges from exudate or fibrosis, weakening of a damaged vessel wall, and vasoparalysis secondary to an adjacent inflammatory process [13] .
Role of CA Cerebral angiography was introduced by the Portuguese neurologist Egas Moniz in 1927
Since Calabrese and Mallek [7] proposed diagnostic criteria for PCNSV, 'classic angiographic features of angiitis within the CNS' have been relied upon in many centers as a cornerstone of diagnosis. However, controversy has arisen in recent years surrounding this practice. Many now suggest that the low sensitivity and specificity of angiography in several case series argues for biopsy prior to initiating treatment of PCNSV [27] . This argument is based on the assumption that biopsy is the 'gold standard' in the diagnosis of PCNSV. However, there are a number of cases reported of subjects in whom biopsies were negative, but were found to have PCNSV at autopsy [7, 17] . Missed diagnoses on biopsy are not surprising given the fact that involvement may be segmental and patchy [47] . In addition, 'classic angiographic features' may have been interpreted too narrowly by many angiographers, leading to the reduced sensitivity of CA. Our analysis shows a heavy reliance on segmental stenosis and dilation in multiple vascular territories as the angiographic finding of vasculitis. While this may indeed be the abnormality most consistently found in CNSV, there are numerous other abnormalities that are reported in the literature as being associated with true CNSV. More subtle findings such as mass effect, delayed transit time, neovascularization, early venous filling, microaneurysms, or attenuation of distal branches were infrequently cited in the literature. Duna and Calabrese [15] proposed a grading system for cerebral angiographic findings consisting of: 1 high probability (vascular beading or alternating areas of stenosis and ectasia in multiple cerebral vessels); 2 medium probability (the above findings in a single vessel), and 3 low probability (mass effect, isolated stenosis or occlusion). We would like to suggest a modification of this system as follows: 1 high probability (vascular beading or alternating areas of stenosis and ectasia in multiple cerebral vessels); 2 medium probability [two or more low-frequency findings (i.e. mass effection, isolated occlusion/stenosis, delayed transit time, etc.)], and 3 low probability (a single low-frequency finding). It is crucial for the angiographer to be familiar with the numerous subtle/low-frequency angiographic manifestations of CNSV in order to maximize the sensitivity of CA. Failure to do so may explain the wide variation in estimates of sensitivity in the literature.
One hypothesis posited to explain the often discordant findings on CA and biopsy in PCNSV is the existence of two variants: one affecting the 'small vessels' (small-vessel disease, SVD) that are beyond the resolution of CA and a second affecting the 'medium vessels' (MVD) angiographically visible segments of the circle of Willis [28] . MVD involves the intracranial internal carotid artery, vertebral arteries, basilar artery, proximal anterior, middle, and posterior arteries. CA, in this subgroup, shows the classic patterns described to be associated with CNSV in the literature and may have a more benign/monophasic course. SVD involves intracranial arteries of the second division branches or smaller and is not well resolved on CA. These patients display patterns of leptomeningeal or cortical enhancement on gadolinium-enhanced MRI [42] and more prominent elevations in CSF protein levels and leukocytosis. If correct, this hypothesis would explain the multiple cases of angiographic vasculitis with normal biopsy findings (MVD) and normal angiographic finding but positive biopsy results (SVD). However, further validation is required before this hypothesis is accepted.
Angiographic mimics of CNSV are numerous. The most common of these is atherosclerotic disease. Typically, atherosclerotic intracranial disease is more proximal, eccentric, and involves shorter segments than do vasculitis lesions [18] . However, this is not universally true and there are well-documented cases of atherosclerosis mimicking the 'high probability' anigographic pattern described above. RVCS is a second angiographic mimic of CNSV, but can be effectively distinguished using a combination of clinical features and laboratory findings ( table 3 ) . Finally, infections of the CNS can trigger a vasospastic process that mimics CNSV, and a broad array of CSF stains, cultures and immunological testing is necessarily to rule out infectious etiologies [13] .
The diagnosis of childhood PCNSV relies heavily on CA as biopsies are generally avoided in the pediatric population. Small case series indicate that childhood PCNSV may affect larger/more proximal vessels of the anterior circulation and be more frequently unilateral [24, 29] .
Role of Biopsy
Angiography has become the most frequent test used to diagnose PCNSV; however brain biopsy is still cited as the gold standard by many authors [31] . MRI is highly sensitive to PCNSV (nearly 100% sensitivity), and angiography can be indicative of vasculitis in the majority of cases, but the findings in these imaging studies are not specific to this disease [45, 47, 48] . Additionally, there are infectious diseases that can cause a similar clinical and radiographic picture, specifically cerebral angiitis from rickettsial, spirochetal, viral, and bacterial sources. If these diagnoses are missed, the initiation of immunosuppressive treatment is potentially hazardous [47, 48] . Therefore, biopsy may play an important role in appropriately selected patients.
The target for biopsy is usually based on MRI findings, as an abnormality on MRI increases the likelihood of obtaining diagnostic tissue [8] . Two primary techniques have been described: stereotactic and open. Stereotactic biopsies are performed with neuronavigation used to guide a large bore biopsy needle through a burr hole into the target identified on MRI. Multiple core biopsies are taken and sent for histopathology. This technique is particularly useful for deeply seated lesions or in eloquent areas. Open biopsies are performed by using a small craniotomy to expose more superficial structures. A 1-cm 3 specimen is resected en bloc and should include overlying dura, a cortical vessel, and both gray and white matter from the targeted gyrus [32, 49] . Neuronavigation can also be utilized to accurately locate the target for biopsy. If no target is identified on imaging, a right frontal or temporal tip biopsy has been advocated, as these areas are low risk for causing deficits [47, 49] . In a study by Pulhorn et al. [50] , biopsies were obtained for suspicion of vasculitis as well as other neurologic conditions. They found that tissue was diagnostic or suggestive of a diagnosis in 46% of open biopsy and 64% of stereotactic biopsy. This difference appeared to be related to the higher likelihood of having a targeted abnormality on MRI in the stereotactic group. Therefore, the chosen approach should be based on the MRI findings to produce the highest likelihood of diagnostic yield.
Brain biopsy for CNSV has been shown to be diagnostic in only 30-60% of cases in the available series [8, 32, 34, 48, 50] . Biopsy is felt to be useful both in the diagnosis of PCNSV as well as to rule out other diagnoses, and is complementary to other diagnostic modalities including angiography to guide clinical decision-making. In one study of the 43 premortem biopsies which were pathologically confirmed, 11 were false negatives [51] , leading to a calculated 74.4% sensitivity. False negatives were present in 1/4 of the procedures. It is speculated that false negatives occur due to segmental involvement of vessels [48] .
Morbidity of brain biopsy has been reported to be between 0.03 and 2% [32, 48] . The potential risk of surgery must be balanced with the risk of proceeding with empiric immunosuppressive therapy. In a paper by Chu et al. [21] , aggressive immunosuppression had a higher morbidity than either angiography or brain biopsy.
An additional consideration is the next step, should brain biopsy return negative. This is a controversial question, and several studies have advocated a conservative approach with close clinical follow-up without initiation of immunosuppression [52] . Other authors feel that if suspicion of PCNSV remained high despite negative biopsy, proceeding with immunosuppression is warranted, especially once infection has been excluded to an acceptable degree [32, 48] .
Histology
Three main histological patterns are seen to affect patients with PCNSV: 1 granulomatous: the most commonly seen pattern ( ∼ 60%); vasculocentric mononuclear inflammation and well-formed granulomas with multinucleated cells; 2 lymphocytic: second most common ( ∼ 30%); lymphocytic inflammation with occasional plasma cells and vessel destruction; more commonly seen in children and angiographynegative PCNSV, and 3 necrotizing: least common ( ∼ 10-15%); transmural fibrinoid necrosis similar to PAN; associated with intracranial hemorrhage [23, 53] .
Medical Therapy
The treatment of vasculitis with or without CNS involvement relies heavily on glucocorticoids and other immunosuppressive medications [54] . A disease-specific description of treatment strategies in systemic, noninfectious, inflammatory conditions associated with CNSV is beyond the scope of this article.
The early report of PCNSV was diagnosed at autopsy and the disease was believed to be generally fatal [7] . However, in 1983, a paradigm shift occurred when Cupps et al. [9] described several therapeutic successes that relied on cyclophosphamide and glucocorticoids. Since that time, initial treatment has continued to include glucocorticoids alone, or in conjunction with cyclophosphamide. Other agents that have been described include azathioprine, mycophenolate mofetil, methotrexate, TNF-α blockers, and rituximab. Over 80% of patients respond favorably to the initial treatment regimen. Initial monotherapy is associated with a higher rate of relapse than dual therapy with a second immunosuppressive agent [55] .
Conclusion
Diagnosis of PCNSV from imaging modalities has evolved at a seemingly gradual pace. Most of this can be attributed to nonspecific clinical presentation, variation in sensitivity of imaging results and reliance on brain biopsy for diagnosis. Once careful history, laboratory findings, and CSF analysis are obtained, one major question is how important the role of CA is in the diagnosis of CNSV. We proposed a modification in the grading system of angiography that will maximize its sensitivity. Through greater emphasis on ordinary and low-frequency changes, the suggested modifications will allow cerebral angiography to become prominent in the diagnostic algorithm of CNSV. Understanding how to combine these results with biopsy findings of small and medium vessels will result in even more effective interpretations, and ultimately allow for halting damage from disease progression.
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